Introduction
Transient receptor potential (TRP) channels play an essential role as environmental sensors throughout the human body. The involvement of TRP channels in chemical and physical sensation was first demonstrated with the discovery of the vanilloid-type 1 TRP channel, TRPV1, also known as the capsaicin receptor (Caterina et al., 1997) . Subsequent identification and characterization of now more than 30 different subtypes of transient receptor potential channels has helped to categorize six receptor families and has demonstrated that these non-selective cation channels respond to a wide range of chemical and physical stimuli (DeSimone and Lyall, 2006; Wu et al., 2010;  M O L # 7 9 2 7 7
5 Mezey et al., 2000; Szallasi et al., 1995; Toth et al., 2005) . Under normal physiological conditions, activation of capsaicin-sensitive sensory nerve fibers elicits the release of the neuropeptides, neurokinin A, calcitonin gene-related peptide (CGRP), somatostatin, and substance P, which in turn, regulate vascular, immune, and smooth muscle functions (Bartho et al., 2008; Bartho et al., 2004) . Following tissue injury, an overabundance of these neuropeptides can contribute to the process of neurogenic inflammation by activation of pro-algesic second messenger proteins and increased neuronal firing (Holzer and Maggi, 1998; Maggi, 1995) , underlining the importance of TRPV1 as a physiological drug target. Molecular Biology. Xenopus laevis oocytes were injected with rat TRPV1 capped mRNA (~1 µg/µl), which was synthesized using the T7 mMessage mMachine kit (Ambion Canada, Streetsville, Ontario, Canada). Mutant channels, L647A, E648A, and F649A, were generated using site-directed mutagenesis, and correct insertion of the mutations was confirmed with automated sequencing. Post-injection, oocytes were incubated for 1-2 days to obtain expression levels between 0.1 and 3 In supplemental experiments with very high benzocaine concentrations (> 1 mM), we similarly did not observe significant TRPV1 inhibition but noted a small degree of channel potentiation when co-applied with capsaicin (data not shown).
Quaternary ammonium compounds potently inhibit capsaicin-induced TRPV1
currents in oocytes. We previously showed that the quaternary lidocaine derivative, QX-314, inhibits capsaicin activated TRPV1 channels (Rivera-Acevedo et al., 2011).
Benzocaine, on the other hand, which features a lipophilic aromatic moiety that is shared with both lidocaine and QX-314 but lacks a nitrogen that can be charged under physiological conditions, did not inhibit TRPV1 currents (see above). On this basis, we When co-applied with capsaicin, we found that TEA potently inhibits TRPV1 even at nanomolar concentrations: 100 nM TEA reduced peak current amplitudes by more than 50% and TEA concentrations of 10 μM almost completely inhibited capsaicin-elicited TRPV1 currents (Fig. 3A , upper and middle panel). The IC 50 for TEA inhibition of TRPV1 was 41 ± 13 nM, with a Hill coefficient of 0.9 ± 0.1 (Fig. 3A , lower panel). We next tested the smallest of the quaternary ammonium salts, TMA. As shown in Fig. 3B , TMA also robustly inhibited capsaicin-induced TRPV1 currents in oocytes, although with lower efficacy and potency than TEA: at 100 nM and 10 μM, TMA produced mean TRPV1 current inhibitions of approximately 40% and 70%, respectively (Fig. 3B, upper and middle panel). The corresponding IC 50 for TMA inhibition of TRPV1 was 104 ± 60 nM, with a Hill coefficient of 0.5 ± 0.1 (Fig. 3B, lower panel) .
TRPV1 inhibition by quaternary ammonium compounds is voltage-dependent.
Similar to lidocaine, we characterized the voltage-dependence of TEA and TMA inhibition by investigating blockade at a holding potential of −25 mV. Compared with the effects at −60 mV, we observed a marked decrease in both TEA and TMA current inhibition ( Fig. 3C/D) .. Administration of 100 nM TEA or TMA produced little to no reduction in currents elicited by capsaicin, while at 100 μM approximately 30% current remained present with TEA, and approximately 60% with TMA ( Fig. 3C/D 
, approximately 30% of the current remained (Fig. 1C) . Indeed, the pharmacological efficacy of lidocaine, a weak amphipathic base with a pKa of 7.9, and for that matter LAs in general, is linked to pH (Butterworth and Strichartz, 1990 Strichartz, 1990). To more directly assess the role of charge in TRPV1 inhibition, we characterized extracellular block by the quaternary permanently charged amines, TEA and TMA, which have been instrumental in the structure-function study of potassium channel pore regions. More recently, these compounds have been successfully employed to help define the structure and basic biophysical properties of the intracellular TRPV1 channel pore (Jara-Oseguera et al., 2008; Oseguera et al., 2007 ). In our current study, similar to both lidocaine and QX-314, extracellular application of TEA produced a reduction in capsaicin-evoked inward currents, albeit with substantially higher affinity (Fig. 3A) . Of note, even a saturating (1 µM) concentration of TEA did not result in complete TRPV1 inhibition, as we generally observed 10-15% of residual current. This effect could potentially be attributed to TEA behaving like a partially permeant ion, as observed for other voltage-dependent inhibitors (Huang, 2001; Huang et al., 2000) .
although the specific drug-receptor affinity may change depending on the expression system, (Lev et al., 2012 ) the observation of QA blockade will be universal, regardless of the cell system used. This is further supported by the observation that LAs and QAs can block TRPV1 in mammalian cells (Jara-Oseguera et al., 2008; Leffler et al., 2008; Oseguera et al., 2007) .
In summary, we conclude that quaternary amine moieties underlie the potent LAmediated TRPV1 inhibition. Mutations of residues near the TRPV1 pore significantly alter the potency of QA-mediated inhibition, providing a starting point to further elucidate the extracellular binding site for these molecules. Ultimately, the results introduce a basic molecular model for the observed, but so far unexplained, phenomenon of LAmediated TRPV1 inhibition in vitro and serve as a basis for understanding the complex LA-mediated effects on TRPV1 channels. and −25 mV (grey; n = 4); the black dashed regression lines represents wild type TEA inhibition. A significant decrease in inhibition was observed between wild type vs. both F649A and E648A mutants at −60 mV (P < 0.001, data not shown). Data points at each concentration represent mean ± SEM of remaining current, normalized to the mean peak current. *** P > 0.001
